This work studies the dynamics of a gene expression time series network. The network, which is obtained from the correlation of gene expressions, exhibits global dynamic properties that emerge after a cell state perturbation. The main features of this network appear to be more robust when compared with those obtained with a network obtained from a linear Markov model. In particular, the network properties strongly depend on the exact time sequence relationships between genes and are destroyed by random temporal data shuffling. We discuss in detail the problem of finding targets of the c-myc protooncogene, which encodes a transcriptional regulator whose inappropriate expression has been correlated with a wide array of malignancies. The data used for network construction are a time series of gene expression, collected by microarray analysis of a rat fibroblast cell line expressing a conditional Myc-estrogen receptor oncoprotein. We show that the correlation-based model can establish a clear relationship between network structure and the cascade of c-myc-activated genes.
he availability in modern molecular biology of methods capable of measuring the activity of thousands of genes at the same time poses the challenge of analysis and modeling of complex biological networks with thousands of units. Microarray technology is producing data on the activity of significant portions of the genome in a wide variety of cells and organisms up to the level of the entire human genome. Several techniques have been proposed to analyze the high dimensional data resulting from these experiments. Artificial neural networks, phylogenetic-type trees, clustering algorithms, and kernel methods are just a few examples (1) (2) (3) (4) (5) (6) .
Complex network theory has been used to characterize topological features of many biological systems such as metabolic pathways, protein-protein interactions, and neural networks (7, 8) . The application of network theory to gene expression data has been not fully investigated, particularly regarding the timedependent relationships between genes occurring while their expression level changes.
One of the key points of the network approach is the definition of the links between its elements (nodes), namely, the gene interactions from which all of the network properties are obtained. Recently, several methods for links assessment have been proposed, such as linear Markov model (LMM)-based methods (9, 10) or correlation-based methods (11) (12) (13) . We choose to define links on the basis of the time correlation properties of gene expression measurements.
In this article, we show that correlation properties of gene expression time series measurements reflect very broad changes in genomic activity. The problem that we address is characterizing the gene transregulation cascade in response to c-Myc protooncogene activation. C-myc encodes a transcriptional regulator whose inappropriate expression is correlated with a wide array of malignancies. At the cellular level c-Myc activity has been linked with cell division, accumulation of mass, differentiation, and programmed cell death. Although the positive influence of c-Myc on proliferation has been appreciated for a long time, the molecular mechanisms by which these end points are achieved are not well understood. It is now clear that Myc can directly influence the expression of thousands of genes with diverse functions. A significant challenge is to integrate this wealth of information into mechanistic models that explain the biological functions of c-Myc. This endeavor has been greatly complicated not only by the large number of targets, but also by the weak transcriptional effects exerted by c-Myc. Thus, the biologically relevant downstream effectors remain to be comprehensively delineated.
The correlation method is more sensitive to the temporal structure of the data than LMM and leads to biologically relevant gene identification that is not obtained by either Markov modeling or significance analysis based only on ANOVA.
Methods
Gene Expression Time Series. Two data sets of gene expression were obtained from a set of microarray experiments using genetically engineered rat cell lines. As described (ref. 14 and references therein), parental Rat-1 fibroblasts were modified by homologous recombination to knock out both copies of the c-myc gene (c-myc Ϫ/Ϫ cells). This cell line was subsequently reconstituted with a cDNA encoding a fusion protein of c-Myc and the human estrogen receptor (MycER). The fusion protein is synthesized continuously in the cells, but is biologically inactive in the absence of a specific ligand, 4-hydroxy tamoxifen. Binding of tamoxifen to the estrogen receptor domain elicits a conformational change that allows the fusion protein to migrate to the nucleus and act as a transcription factor. A large volume of data from several laboratories indicates that the biological activities of native c-Myc protein and the MycER fusion protein are similar, if not identical. Randomly cycling, exponential-phase cultures were used, and conditions were developed such that cells experienced a constant environment and were in a balanced, steady state of growth for significant periods of time. Two data sets were obtained. The first data set (N data set) contains the gene expression data of the c-myc Ϫ/Ϫ MycER cell line treated with vehicle (ethanol) only. The second data set (T data set) contains the gene expression data collected after the addition of tamoxifen. Samples were harvested at five time points after the addition of tamoxifen to the culture medium: 1, 2, 4, 8, and 16 h. The entire experiment was repeated on three separate occasions, providing three independent measurements for each gene and each time point. Expression profiling was done by using the Affymetrix (Santa Clara, CA) platform and U34A GeneChips (8,799 probe sets; Affymetrix).
Significance Analysis and Data Preprocessing.
A two-way full factorial ANOVA was applied to each of the 8,799 probe sets to identify those that significantly changed expression level in time between the two conditions (data set N versus data set T). The significance analysis was based on the general linear model that describes changes in gene expression level ␥ from the global mean as caused by the combination of: changes in treatment (␤), i.e., database N versus database T; changes in time (␣); interaction between time and treatment (␥); plus some random effects ():
where the index i refers to the data set (N or T); the index j refers to time (j ϭ 1, 2, 4, 8, or 16 h); and the index k refers to the replication of the experiment for a fixed condition and time (k ϭ experiment 1, 2, or 3). Probe sets with a P value corresponding to the ␤ factor Ͻ0.05 were considered to be significantly affected by the treatment (i.e., activation of c-myc by tamoxifen). A total of 1,191 genes were selected with this criterion. This subset of selected probes enhances the differences between the N and T networks that we observe, but the results are similar even if considering the whole data set. The gene expression values used for the analysis were obtained by averaging over the three experiments (y ij ϭ 1͞3⌺ k y ijk ) to reduce the effects of noise in the expression level measurements.
Network Construction: Correlation-Based Model. In the correlationbased model, the similarity measure for the expression dynamics of two genes within the same data set is given by the correlation between the two expression-level time series. Hence, for a given data set, if x lj is the expression level of a gene with label l at time j, then the similarity between two genes with labels l and r, respectively, is given by:
where l and r are the averages in time of the expression levels for the two genes, and l and r are their standard deviations. The correlation approach can be motivated by the hypothesis that genes belonging to the same activation (or inhibition) pathway should present a similar (or opposite) expression profile in time. The adjacency matrix characterizing the network was obtained by considering only the c lr coefficients whose absolute value exceeded a threshold fixed between 0.95 and 0.99. The results shown in this article were obtained for a threshold equal to 0.98. These coefficients were set equal to 1, producing a symmetric adjacency matrix a lr . For each gene a connectivity degree k was defined as the total number of genes it was connected to, i.e., k(l) ϭ ͚ r l a lr .
Network Construction: LMM. In the LMM, the expression level of a gene at a given time t jϩ1 is modeled as a linear combination of the expression levels of all genes at the previous time t j . Because measurements were not performed at equally spaced times, we interpolated the time series by using a spline interpolation to generate a total of n ϭ 17 equally spaced points in time [an alternative procedure would require an optimization technique such as simulated annealing (4)]. The model can be expressed in matrix form as follows:
where x ជ j is a column vector of the expression levels for all genes at time t j (the index i relative to the data set has been dropped for convenience). Because the number of genes is larger than the number of time points, Eq. 3 does not have a unique solution. A common approach is to solve it by using the Moore-Penrose generalized matrix inverse X t ϩ of X t (a unique pseudoinverse matrix obtained by including additional constrains) via its singular value decomposition (4) such that:
Because the resulting matrix M is in general not symmetric, we applied a symmetrization procedure by averaging the corresponding off-diagonal coefficients (other symmetrization techniques lead to similar results in terms of network properties). Computation of the adjacency matrix and gene connectivity from the symmetrized M matrix was performed in the same manner as in the correlation-based model, but the threshold was set as the value corresponding to the 95th percentile. dynamics should be significantly affected by a random shuffling in time.
Results
When c-Myc is activated by tamoxifen stimulation, the activity profile of the probe sets clearly changes into a strongly correlated regime. These findings are reflected in the histograms of the correlation coefficients for the N and T data sets (Fig. 1 ) and in the main parameters of the connectivity distributions obtained from the corresponding adjacency matrices (Table 1) . For the T data set, the number of coefficients close to ϩ1 or Ϫ1 increases significantly. This finding is an indication that many of the 1, 191 genes that were affected mostly by tamoxifen stimulation in their expression levels over time became either strongly correlated or anticorrelated. Both networks appear to be highly clustered (Table 1) , as compared with a random network with the same number of nodes and average connectivity degree. The T connectivity degree distribution is much more broad and skewed, whereas the N connectivity degree distribution is peaked around its average value.
Considering the change in connectivity as an index for ranking the involvement of a gene in the c-Myc activation cascade, we looked at the distribution of the differences in connectivity of the probe sets ( Table 2 shows a list of genes extracted from the upper tail of such a distribution). Application of a random permutation to the time series confirmed that this results depend on the exact time ordering of the gene expression levels (Fig. 2) . Some features of the network structure, like the assortative mixing property (15) and the differences between the N and T data sets, are completely disrupted by time shuffling, leading to networks very similar to those obtained starting from randomly generated data of the same dimensionality, mean, and variance (data not shown).
In comparison, the gene network constructed with the LMM appears to be completely insensitive to the effects of tamoxifen. The p(k) distribution for N and T follows a power-law function p(k) ϰ k Ϫ␣ with a very similar exponent, ␣ N ϭ 2.41 Ϯ 0.16 and ␣ T ϭ 2.41 Ϯ 0.12, respectively. There is no evident change between the T and N networks. Moreover, the main properties of the N and T networks, namely the power-law exponent and dissassortative mixing property (15) , are left unchanged by time reshuffling. Thus, even if the individual genes connectivity degree changes from the N and T data sets, the insensitivity to time shuffling casts some doubts on the reliability and significance of such changes in the LMM.
Discussion
A correlation-based model was used to identify a gene interaction network, based on a time series of gene expression measurements, resulting from the acute activation of an engineered c-Myc transcription factor in a c-myc null cell line. The global properties of the resulting network were strongly affected by c-Myc activation. The comparison between the networks obtained with the different data sets led to the identification of unique c-Myc targets. The list of genes found with this method contains some of the genes found in ref. 14 but also contains many genes that were not found before to our knowledge, pointing to the possibility that the potential list of c-Myc targets may be much larger than what was previously observed.
These network properties were disrupted by time reshuffling of the data, confirming the hypothesis that they refer to real information contained in gene expression dynamics.
The same analysis was performed on the gene network obtained with a LMM, which has been proposed in the past for the analysis of time-dependent genomic measurements. The global features of this network did not significantly change neither in response to c-Myc activation, nor after time reshuffling of the data, suggesting that they depend on some global properties of the data set distribution and not on the exact details of gene expression dynamics. Probes were chosen as those that mostly changed their connectivity degree between the N and T data sets. 
